Introduction
The therapeutic landscape in multiple myeloma (MM) has changed considerably in the last decade with the introduction of the immunomodulatory drugs thalidomide (Thal) and its analog lenalidomide (Len). 1 Pomalidomide (Pom) is the newest immunomodulatory drug that shares structural features with both Thal and Len. 2, 3 In early phase clinical studies, Pom was administered at a dose of 2 to 4 mg/day either as continuous (28/28 day) dosing (analogous to Thal) or in an intermittent (21/28 day) dosing schedule (analogous to Len) and demonstrated comparable clinical activity in relapsed/refractory MM (RRMM). [4] [5] [6] [7] [8] [9] [10] In a phase 3 trial, Pom and low-dose dexamethasone (Dex) improved progression-free survival compared with high-dose Dex in patients with RRMM. 11 Based on these studies, Pom was approved for therapy of patients with relapsed myeloma who have received $2 prior therapies, including Len and bortezomib and demonstrated disease progression on or within 60 days of completion of the last therapy. However, the optimal dosing schedule (continuous vs intermittent) for Pom has not been rigorously tested, 9, 10 and data comparing pharmacodynamics properties of the 2 regimens are lacking. 12 Such data are essential to better understand the mechanism of antitumor effects in vivo and optimize the clinical development of Pom.
In preclinical and mostly in vitro studies, Pom was shown to mediate direct antiproliferative effects on tumor cells, as well as immune-modulatory effects on T cells, natural killer (NK) cells, and monocytes. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] In early phase studies, Pom therapy led to an increase in CD45RO 1 T cells, and serum levels of interleukin (IL)12 and soluble IL2 receptor, along with a concurrent decrease in CD45RA 1 T cells in vivo. 8 Pom has greater direct antiproliferative effects on myeloma tumor cells compared with Len. Cereblon (CRBN)-CRL4 E3 ligase has emerged as a direct cellular target for Thal and its analogs Len and Pom. 18, 24, 25 Binding of Len to CRBN promotes selective degradation of Ikaros (IKZF1) and Aiolos (IKZF3), which is essential for Len-mediated antiproliferative effects on myeloma cells. 26, 27 Depletion of IKZF1/IKZF3 has also been implicated in Len-mediated amplification of anti-CD3-induced IL2 production in human T cells in culture 21, 27 ; however, the impact of Pom therapy on Ikaros levels in immune cells in vivo has not been studied. It is notable that the effects of Len/Pom on T-cell activation involve costimulation and require T-cell receptor/antigen-dependent signal 1. 28, 29 Despite shared mechanisms of antitumor effects, Pom has also been reported to have antitumor activity in a proportion of patients with disease progressing on Len therapy. 3 In recent studies, we showed that the immunomodulatory effects of Len therapy are highly dependent on drug exposure and are detected as early as 7 days after initiation of therapy. 30 Therefore, in the setting of intermittent dosing, it is essential to evaluate mid-cycle immunologic effects in vivo. Immunemodulatory effects of Pom therapy in vivo in patients have not yet been studied in detail, and the impact of different dosing schedules or concurrent steroids on Pom-mediated immune activation, particularly in the setting of RRMM, remains to be clarified. In view of shared cellular targets of Pom and Len, the role of cereblon/ikaros protein expression in predicting the clinical activity of Pom in Lenrefractory disease is being explored. 18, 25, 31 However, it is essential that such measurements be obtained using validated assays. 32 Here we describe the findings from a prospective randomized phase 2 trial evaluating clinical and pharmacodynamics effects of 2 dosing schedules for Pom in the setting of Len-refractory MM to address these issues.
Methods

Study objectives and design
The primary objective of this study was to estimate the clinical activity (in terms of objective response rate) of continuous and intermittent dosing regimens of Pom/Dex in the context of a phase 2 randomized trial in patients with relapsed multiple myeloma refractory to prior Len therapy. Secondary objectives were to evaluate the immunologic effects of this therapy and correlate the immunologic effects and baseline properties of tumor cells with clinical outcome.
Eligibility
Patients were eligible if they were $18 years of age and had relapsed MM following $2 prior standard lines of therapy including Len. Induction therapy followed by autologous stem cell transplantation was considered a single regimen. Patients were required to have disease refractory to prior Len therapy, defined as objective progression on a regimen containing full or maximally tolerated dose of Len administered for $1 cycle of therapy. Patients were required to have measurable disease defined as one of the following: serum monoclonal protein .10 g/L, serum immunoglobulin free light chain .10 mg/dL and an abnormal free light chain ratio, urine light chain excretion .200 mg/24 hours, measurable soft-tissue plasmacytoma that had not been radiated, or .30% bone marrow plasma cells. All prior cancer therapy must have been discontinued .2 weeks before study registration. Patients were also required to have Eastern Cooperative Oncology Group performance score 0 to 2, absolute neutrophil count .1 3 10 9 /L, platelet count .75 3 10 9 /L, serum creatinine ,221 mM (,2.5 mg/dL), total bilirubin ,2 mg/dL, transaminases #5 upper limit of normal, and be disease free of prior malignancies for $5 years. Women of childbearing potential were required to document a negative pregnancy test and use a dual method of contraception, whereas men had to agree to use a condom with sexual activity. Pregnant or breastfeeding women and those with grade 3 to 4 peripheral neuropathy, use of another investigational drug within 28 days, prior hypersensitivity or erythema nodosum following immunomodulatory drug (IMiD), known positivity for HIV infection, or active hepatitis B or C were excluded. All patients signed an informed consent approved by the Yale University Institutional Review Board in accordance with federal regulations and the Declaration of Helsinki.
Treatment schema
Patients were randomized (1:1) to receive Pom on continuous (2 mg/day for 28/28 days) or intermittent dosing (4 mg/day for 21/28 days) schedule. All patients received Pom alone for cycle 1, and Dex at 40 mg weekly was added with cycle 2 and beyond. The dose of Dex for patients .70 years old was 20 mg. Patients also received aspirin at 325 mg/day for thromboprophylaxis. Dose adjustments for both Pom and Dex were permitted for grade 3/4 treatmentrelated adverse events, and re-escalation was not permitted. Use of granulocyte colony-stimulating factor was permitted at physician's discretion after cycle 2, to avoid dose reduction. Initiation of a new cycle required neutrophil count of .1 3 10 9 /L, platelet count of 75 3 10 9 /L, and recovery of nonhematopoietic toxicity to less than grade 2. Therapy was continued until disease progression, unacceptable toxicity, or withdrawal of informed consent.
Response and toxicity criteria
Response and progression were assessed according to the International Myeloma Working Group (IMWG) criteria and required 2 consecutive assessments made at any time. The National Cancer Institute Common Terminology Criteria for Adverse Events, version 3, was used to grade adverse events.
Statistical considerations
The study was designed as a randomized phase 2 trial. The primary end point was to estimate the proportion of patients achieving confirmed partial response (PR) or greater by IMWG criteria. Other clinical end points were progression-free and overall survival. Exact binomial confidence intervals were constructed for survival end points. All time-to-event analyses were estimated using the Kaplan-Meier method. A data cutoff was made on June 1, 2014. Statistical analysis was performed with SAS 9.3 software (SAS Institute, Cary, NC). For personal use only. on October 22, 2017. by guest www.bloodjournal.org From
Correlative studies
All patients provided consent for correlative studies. Baseline evaluation included collection of both blood and bone marrow aspirate and biopsy for correlative studies. All patients had posttherapy blood samples collected at 3 hours, 1 week, and 4 weeks after initiation of cycles 1 and 2 and thereafter before initiation of a new cycle of therapy. Collection of a posttreatment bone marrow sample after 2 cycles of therapy was optional.
Immune profiling
Multiparameter flow cytometry was used to evaluate the profile of immune cells in peripheral blood mononuclear cells. LIVE/DEAD Fixable Green Dead Cell stain kit (Molecular Probes) was used to stain dead cells as per the protocol recommended by the manufacturer before staining with labeled antibodies. Fluorochrome-conjugated anti-human antibodies CD3 (SP34-2), CD4 (RPA-T4), and CD8 (RPA-T8) from BD Pharmingen and CD56 (HCD56) from BioLegend were used to identify T and NK cell subsets. All samples were acquired on BD LSRFortessa or BD LSR II, and the data were analyzed using Flowjo v9.7.5 software (TreeStar Inc.).
Functional analysis of T and NK cells
Analysis in intracellular cytokines (IL-2, IL-4, interferon [IFN]g, tumor necrosis factor [TNF]a, IL-13, and IL-17A) and lytic molecules (GranzymeB and Perforin) on NK and T cells was performed as previously described. 30 For cytokine detection, cells were stimulated with phorbol 12-myristate 13-acetate and ionomycin, both at a 500 ng/mL concentration for 5 hours at 37°C in the presence of protein transport inhibitor BD Golgi Stop (0.7 mL/mL).
Analysis of immune checkpoints
Peripheral blood mononuclear cells were analyzed for the expression of immune checkpoints using flow cytometry. Antibodies against human CD272 (BTLA, clone MIH26) from BioLegend and CD279 (PD-1, J105) and TIM3 (F38-2E2) from eBioscience were used to study their expression on the surface of T cells and NK cells.
Gene expression profiling of tumor microenvironment
Bone marrow mononuclear cells from before or after 2 cycles of therapy were sorted to isolate CD138 1 plasma cells. RNA was isolated from sorted bone marrow derived from CD138 2 cells using the RNeasy Total RNA isolation kit (Qiagen) as per the manufacturer's protocol. The Illumina Human HT-12v4 Expression Beadchip kit was used for the gene expression studies. Gene expression data were imported into Genespring Gx 12.5 (Agilent Technologies) or Partek GS 6.6 (Partek) for analysis of the microarray data. Gene Ontology analysis was performed on the differentially regulated gene targets using the Genespring GX 12.5 analysis platform. Functional pathway analysis was performed using the MetaCore Analytical Suite (Thomson Reuters) as described previously. 33 
Sequential evaluation of intranuclear Ikaros in immune cells
To detect changes in intranuclear Ikaros in immune cells following Pom therapy, cells labeled with T and NK cell markers were fixed and permeabilized using the BD Pharmingen Transcription Factor Buffer Set using the recommended protocol. A fluorochrome-conjugated monoclonal antibody against IKZF1 (R32-1149) was used to detect intranuclear levels of the protein.
Immunohistochemistry for cereblon, Ikaros, and Aiolos expression in tumor cells and H-score
Expression of cereblon, Ikaros, and Aiolos were evaluated in baseline bone marrow biopsies by immunohistochemistry (IHC) (Y.R., M.W., S.C., D.H., After staining was complete, slides were rinsed in tap water, baked in a 60°C oven for 20 minutes until completely dry, and then coverslipped. CRBN, Aiolos, and Ikaros immunoreactivity of CD138 1 MM cells was scored using the H-score method as described previously. 34, 35 The entire tumor was scored for each target protein's immunoreactivity based on staining intensity and the percentage of cells staining positively. Staining intensity was recorded on a scale of 0 to 3 for negative, mild, moderate, and strong immunoreactivity, respectively. The percentage of tumor cells that are negative (0) or positive (1-3) for each marker was noted in 10% increments. A final score (range, 0-300) was the sum of the products of each intensity value multiplied by the percentage of cells at that intensity to account for 100% of the tumor cells. Cytoplasmic and nuclear CRBN H-scores were recorded separately for each sample. For each marker, the average H-scores from 3 pathologists were used in the final analysis.
Results
Patient and treatment characteristics
Thirty-nine eligible patients with relapsed myeloma were randomized to therapy with Pom/Dex (following Pom alone for cycle 1), using either continuous Pom dosing (2 mg-28/28 days, cohort 1, n 5 19) or an intermittent dosing schedule (4 mg-21/28 days, cohort 2, n 5 20; supplemental Figure 1 available on the Blood Web site). Patient demographics and baseline characteristics were similar between both cohorts ( Table 1 ). All patients had received prior therapy with Len and bortezomib and were known to be Len refractory. The study cohort had received a median of 4 prior lines of therapy before study entry. Importantly, 79% patients had disease refractory to both Len and bortezomib (Bort). All patients received Pom alone for cycle 1, followed by Pom/Dex for subsequent cycles. Median duration of therapy was 4.8 months and similar between the 2 arms (4.2 vs 5.1 months; P 5 .5). As of the cutoff date of March 31, 2014, all but 1 patient had discontinued therapy. The most common cause for treatment discontinuation was disease progression (77% of patients), similar in both arms. Seven patients (36.8%) in cohort 1 and 7 patients (35%) in cohort 2 required dose reduction. The median number of cycles of therapy delivered in cohorts 1 and 2 was 4 and 5, respectively.
Response to therapy and survival
Overall, 13 of 39 patients treated achieved a confirmed objective response ($PR by IMWG criteria). Objective responses were observed in 4 of 19 patients in cohort 1 (2 PR, 2 very good partial response) and 9 of 20 patients in cohort 2 (7 PR, 2 very good partial response). The objective response rate was 21% in cohort 1 and 45% in cohort 2 (P 5 .17). None of the patients achieved a confirmed complete response. Patients in the 21/28-day cohort experienced a greater mean percent reduction in measurable disease compared with the 28/28-day cohort (mean reduction, 54% vs 28%; P 5 .02; Figure 1A) .
As of the data cutoff of March 31, 2014, 21 patients had died: 10 in cohort 1 and 11 in cohort 2. There were no deaths directly attributed to treatment-related toxicity. Both cohorts experienced similar event-free survival (4.3 vs 5.3 months; P 5 .59) and overall survival (OS; 21.7 vs 17.7 months; P 5 .98; Figure 1B -C).
Analysis of prognostic factors
Baseline features including age, sex, immunoglobulin (Ig)H type, IgL type, and recent Len-containing regimen, or adverse cytogenetics did not differ between responders and nonresponders (supplemental Table 1 ). Overall response rate in the cohort with Len/Bort double refractory disease was 32% and did not differ from patients without previously documented bortezomib resistance. Univariate analysis of factors associated with survival identified the level of serum b-2 microglobulin (hazard ratio [HR], 1.98; P 5 .0001) and albumin (HR, 0.37; P 5 .06) and the absence of deletion 17 (HR, 0.2; P 5 .03) associated with OS in treated patients ( Table 2 ).
Toxicity
The most common toxicity observed following Pom/Dex was myelosuppression (supplemental Table 2 ). The incidence of treatment-related grade 3/4 adverse effects was greater in cohort 2 than cohort 1 (90% vs 58%, P 5 .03). The pattern of specific toxicities did not significantly differ between cohorts (supplemental Table 2 ). The incidence of grade 3/4 adverse effects did not differ based on age or number of lines of prior therapy (data not shown).
Immunologic studies
Therapy-induced changes in immune profile and function. Compared with baseline, Pom therapy led to an increase in T cells (particularly cohort 2) and NK cells, along with a decrease in B cells detected as early as 7 days after initiating therapy (Figure 2A ; supplemental Figure 2A ). Pom therapy also led to an increase in the expression of CD16, CD56, and NKG2D on NK cells, consistent with therapy-induced activation of NK cells ( Figure 2B ; supplemental Figure 2B ). There was no difference in the relative increase in T cells or NK cells between cohort 1 and 2, indicating that the 2 dose levels had comparable effects in vivo ( Figure 2C ; supplemental Figure 2C ). Analysis of serial samples revealed that the effects on NK cells were cyclic in cohort 2 and returned closer to baseline before each cycle of therapy. Comparison of changes following cycle 2 (Pom1Dex) compared with cycle 1 (Pom alone) indicated that the addition of Dex did not inhibit the therapy-induced increase in NK cells, although the effects on T cells were partially blunted, particularly in cohort 2. Therefore, both dosing schedules of Pom (6Dex) led to a distinct pattern but comparable degree of immune activation in vivo.
Therapy-induced functional changes in T and NK cells in vivo. An important property of immunomodulatory compounds is their capacity to enhance costimulation of T cells. 36 Accordingly, we analyzed whether Pom therapy led to an increase in cytokine production and lytic granules by T cells and NK cells in vivo ( Figure 2D -E). Pom therapy led to increased production of multiple lineage cytokines by T cells: interferon-g, TNFa, IL2, and IL4 by CD4 and CD8 T cells and TNFa and IFNg by NK cells. Pom therapy also led to increased expression of cytolysis genes, granzymeB and perforin, by CD8 T cells, as well as NK cells ( Figure 2F ). Pom therapy also led to an increase in polyfunctional T/NK cells producing both TNFa and IFNg ( Figure 2G ). Together these data demonstrate that Pom therapy leads to a distinct poly-functional immune response in vivo that includes BLOOD, 25 JUNE 2015 x VOLUME 125, NUMBER 26 IMMUNOLOGY AND PHARMACODYNAMICS OF POMALIDOMIDE 4045
For personal use only. on October 22, 2017. by guest www.bloodjournal.org From multiple lineages and lytic molecules (supplemental Figure 2D -G). Figure 3A-C) . Therefore, Pom therapy leads to functional activation of both circulating and bone marrow infiltrating T and NK cells.
Paired evaluation of marrow infiltrating T/NK cells before and after therapy also revealed a treatment-emergent increase in cytokine production by T and NK cells in the marrow (including polyfunctional T and NK cells), as well as increase in perforin in CD8 1 T cells and granzyme in both CD8 and NK cells in the bone marrow (supplemental
Changes in coinhibitory receptors in vivo. Understanding immune checkpoints/suppressive factors following immune activation is essential to optimize drug-mediated immune activation. Pom therapy led to an increase in CD25 hi FOXP3 1 regulatory T cells ( Figure 2H ) and increased proportion of BTLA 1 T cells and Tim-3 1 NK cells, but no change in PD1 1 T cells ( Figure 2I ; supplemental Figure 2I ). Figure 3D ). Therefore, the major coinhibitory molecules induced by Pom are BTLA and Tim-3 on T cells and NK cells, respectively.
Pom-mediated increase in BTLA expression was also observed in bone marrow-infiltrating T cells (supplemental
Changes in gene expression in the tumor microenvironment in vivo. Pom/Len induce diverse effects on the tumor microenvironment (TME); however, few studies have used genome-wide approaches to study these changes in vivo. Therefore, we analyzed changes in gene expression in purified CD138 2 cells from paired bone marrow samples before and after Pom therapy using microarray analysis. A list of the top 50 differentially expressed genes following Pom therapy is listed in supplemental Table 3 . Gene Ontology analysis of the top differentially expressed genes revealed that immune related genes are the major pathways altered following Pom therapy (supplemental Table 4 ). Notably, increased expression of genes implicated in innate lymphocytes, such as zbtb16 (or PLZF), 37 was observed following Pom therapy (supplemental Table 3 ). Therefore, immune genes are the dominant component of Pom-induced changes in TME.
Correlation between profile of immune activation and clinical response to therapy. The capacity of Pom to mediate effects on several immune cells raises the question as to which, if any, of these changes correlate with clinical responses. Pom induced an increase in T cells (particularly CD8 1 T cells), but not NK cells, which correlated with the objective response to therapy ( Figure 3A) . Clinical response also correlated with the Pom-mediated increase in IFNg-and TNFaproducing CD8 1 T cells ( Figure 3B ) and polyfunctional T cells ( Figure 3C) . In contrast, changes in T cells producing other cytokines (such as IL13 and IL17), cytolysis-associated markers (granzyme, perforin), or FOXP3hi T-regulatory cells (Tregs) did not differ significantly between responders and nonresponders (data not shown). Similarly, changes in NK numbers or NK-cytokine production did not correlate with response (data not shown).
Correlation of cereblon, Ikaros (IKZF1), and Aiolos (IKZF3) expression in tumor cells with response to therapy. The ubiquitously expressed CUL4-CRBN E3 ligase has been identified as a major cellular target of IMiDs including Pom. 18, 21, 24, 25 CRBN expression in tumor cells was suggested as a biomarker of IMiD sensitivity. 25, 38, 39 However, there is a need for validated assays to measure CRBN protein expression in bone marrow biopsies. 32 It was recently shown that binding of IMiDs to CRBN leads to selective degradation of IKZF1 and IKZF3. 21, 26, 27, 31 However, whether the expression of these proteins in primary tumor cells correlates with response to Pom is unknown. To address this issue, we analyzed the expression of CRBN (cytoplasmic, nuclear, total), IKZF1 (nuclear), and IKZF3 (nuclear) in CD138 1 tumor cells by IHC. The IHC data were independently scored by 3 pathologists and revealed high interobserver concordance for all 3 markers (data not shown). There was no correlation between the level of expression of any of the 3 proteins tested ( Figure 4A ). The expression of these proteins also did not differ in patients who had received Len as the most recent therapy before Pom (data not shown). Expression scores for IKZF1/IKZF3 did not differ between responders and nonresponders and objective tumor regressions were observed in patients with lowest recorded tumor H-scores for CRBN/IKZF1/IKZF3 ( Figure 4B ). H-score for CRBN (total, nuclear, or cytoplasmic) did show a trend with higher scores in responders but did not impact survival (supplemental Tables 5 and 6 ). In some prior studies, CRBN RNA was correlated with response to lenalidomide. 25 There was a modest correlation between IHC scores and RNA levels for CRBN but not for IKZF1/3 (supplemental Table 7 ). RNA levels for CRBN/IKZF1/IKZF3 did not correlate with response/survival (supplemental Tables 8 and 9 ). An important aspect of study design was the use of single agent therapy for cycle 1. The percent change in measurable disease after cycle 1 correlated with baseline CRBN RNA and particularly cytoplasmic IHC For personal use only. on October 22, 2017. by guest www.bloodjournal.org From scores, but not IKZF1/IKZF3 IHC scores or RNA levels (supplemental Tables 10 and 11) .
Kinetics of changes in IKZF1 in immune cells after therapy. Pom led to degradation of IKZF1 in both tumor and T cells in culture. 21, 27 To study the kinetics of changes in Ikaros in immune cells following Pom therapy, we analyzed serial samples for the expression of IKZF1. Pom therapy led to Ikaros depletion in both T cells and NK cells, which was detected as early as 2 to 4 hours after dosing ( Figure 5 ). Depletion of Ikaros in freshly isolated T cells was maximal at 1 week, but increased by day 28, irrespective of 21/28 or 28/28 dosing. In parallel experiments, we observed that activation of human T cells in culture leads to upregulation of Ikaros (data not shown). Together, these data demonstrate that Pom therapy leads to rapid reduction in Ikaros levels in immune cells in vivo but identify a possible feedback loop wherein drug-induced immune activation partially restores Ikaros levels.
Discussion
Pomalidomide has emerged as an effective therapy for relapsed/ refractory MM and was tested in early phase clinical studies as either a continuous or intermittent dosing regimen. [4] [5] [6] [7] [8] [9] [10] These data provide direct comparison of phamacodynamic properties of these dosing schedules that may have implications for optimal use of Pom in MM and as an immunomodulatory agent in MM and other settings. Intermittent dosing schedule, as currently approved for RRMM by the US Food and Drug Administration, led to overlapping OS/event-free survival curves compared with a lower-dose continuous schedule. The clinical data therefore bear some similarity to those reported by Leleu at al in a randomized phase 2 trial, 9 and by Lacy et al in the context of sequentially treated cohorts. 10 In our study, although the 21/28-day schedule led to a greater reduction in measurable disease (although the differences in overall response rate did not reach statistical significance), it also led to a greater incidence of grade 3/4 treatment-related adverse events. Taken together, in our view, these data do not suggest a clear advantage for either regimen based on clinical parameters alone. A strength of this study is its randomized design, and its weakness is the relatively small sample size. Data from both regimens suggest a favorable impact of Pom on expected survival in this heavily pretreated population, and further studies are needed to evaluate the impact on quality of life.
An important and novel aspect of this study is the evaluation of the pharmacodynamics properties of the 2 regimens. Preclinical data have suggested immune-stimulatory properties of Pom in culture; however, data regarding Pom-mediated immune activation in vivo are limited. 40 These data clearly demonstrate that even in the setting of heavily pretreated patients, both Pom/Dex dosing regimens lead to rapid activation of innate and adaptive immunity and reaffirm the importance of midcycle pharmacodynamic evaluation in Pom/Len trials. 30 Indeed, the effects on NK cells with an intermittent Pom dosing regimen show clear periodicity and return closer to baseline before each cycle. The finding that both schedules lead to comparable early immune activation suggests that the lower Pom dose may be sufficient in clinical settings when used as an immune-modulator. Dexamethasone synergizes with Pom in terms of tumor regression; however, it also blunts Pom-mediated T-cell activation and supports consideration of a Pom combination with lower steroid dosing.
Clinical effects of immune activation may be enhanced by blockade of immune checkpoints. [41] [42] [43] The finding that Pom leads to an increase in Tim-3 and BTLA4 in vivo sets the stage for further investigations of combinations of Pom with emerging antibodies against these targets. 44 Drug-induced IKZF1 depletion has been implicated in enhanced IL2 transcription in T cells, 27 and IKZF1 can regulate transcriptional silencing during T-lineage commitment. 45, 46 Therefore, drug-induced disruption of this axis in T cells may explain the poly-lineage effects that we observed. Analysis of serial samples identified rebound in IKZF1 levels in immune cells with ongoing therapy, which may represent a mechanism of acquired resistance to drug-induced immune activation. As this may be a direct consequence of immune activation itself, strategies such as drug holidays should be explored to restore IKZF1 depletion. Ikaros recovery with ongoing therapy may also provide support to intermittent dosing, although this needs further study.
These data also have implications for understanding the mechanism of antitumor effects of Pom in Len-refractory RRMM, the clinical setting wherein it is currently approved. The potential impact of prior Len therapy is particularly relevant as both Len and Pom share cereblon as a major cellular target. In recent elegant studies, Len and Pom were shown to mediate antiproliferative effects on MM tumor cells in culture via selective depletion of IKZF1 and IKZF3. 21, 26, 27, 47 However, the role of this axis in the effects of Pom in vivo in the clinic remains to be demonstrated. To our knowledge, this is the first study to concurrently examine the expression of IKZF1/IKZF3/cereblon (at the protein level) in tumor cells using validated assays in the context of Pom therapy. The trend between cereblon levels and response is consistent with this as a drug target. This is particularly true for correlation between cytoplasmic CRBN scores and percent reduction in measurable disease after cycle 1, indicating an early effect of single agent pomalidomide (supplemental Table 10 ). The expression of CRBN RNA or protein on tumor cells had a weaker association with objective responses and no association with survival following Pom/ Dex, consistent with the possibility that pathways other than CRBN in tumor cells may contribute to outcome following this combination. In contrast to CRBN, baseline levels of IKZF1/IKZF3 in tumor cells did not correlate with response or survival. Further studies are needed to explore IKZF1-independent effects on tumor cells (including other cereblon-binding targets) or other effects on the tumor microenvironment.
Within TME, changes in immune-related genes emerged from a genome-wide analysis as the dominant pathway impacted by Pom in vivo. Drug-induced effects on the immune system are surprisingly rapid (within hours) and involve both innate and adaptive immunity. Gene array studies identified changes in several genes implicated in innate immunity. Of particular interest are genes such as PLZF, implicated in the biology of innate lymphocytes (such as natural killer T cells), indicating that the biology of innate lymphocytes in the context of Pom/ Len therapy requires further study. 29, 30, 37 A role for immune-mediated effects in the antitumor effects of Pom is also supported by the observed correlation of treatment-induced changes in CD8 1 T cells (and their functional properties) with clinical response. Together, these data suggest that at least in the RRMM setting, the antitumor effects of Pom may be particularly dependent on changes in TME/immune cells. Optimizing the immune effects of Pom/Len on the TME with combination therapies may enhance their therapeutic potential in MM and other cancers. For personal use only. on October 22, 2017. by guest www.bloodjournal.org From
